The neuropeptide kisspeptin is necessary for reproduction, fertility, and puberty. Here, we show strong kisspeptin innervation of hypothalamic anorexigenic proopiomelanocortin (POMC) cells, coupled with a robust direct excitatory response by POMC neurons (n Ͼ 200) to kisspeptin, mediated by mechanisms based on activation of a sodium/calcium exchanger and possibly opening of nonselective cation channels. The excitatory actions of kisspeptin on POMC cells were corroborated with quantitative PCR data showing kisspeptin receptor GPR54 expression in the arcuate nucleus, and the attenuation of excitation by the selective kisspeptin receptor antagonist, peptide 234. In contrast, kisspeptin inhibits orexigenic neuropeptide Y (NPY) neurons through an indirect mechanism based on enhancing GABAmediated inhibitory synaptic tone. In striking contrast, gonadotropin-inhibiting hormone (GnIH and RFRP-3) and NPY, also found in axons abutting POMC cells, inhibit POMC cells and attenuate the kisspeptin excitation by a mechanism based on opening potassium channels. Together, these data suggest that the two central peptides that regulate reproduction, kisspeptin and GnIH, exert a strong direct action on POMC neurons. POMC cells may hypothetically serve as a conditional relay station downstream of kisspeptin and GnIH to signal the availability of energy resources relevant to reproduction.
Introduction
Energy homeostasis and reproduction are intimately related. Here, we examine the interface between the kisspeptin and gonadotropin-inhibiting hormone (GnIH) neurons that regulate reproduction, and the proopiomelanocortin (POMC) and neuropeptide Y (NPY) neurons that regulate energy homeostasis. Kisspeptin (metastin) and its receptor, GPR54, are considered essential gatekeepers of puberty onset and fertility in mammals (Dhillo, 2008) . Kisspeptin knock-out mice are infertile (d'Anglemont de Tassigny et al., 2007) . Mutations in GPR54 result in disruption of reproductive function in both humans and mice (de Roux et al., 2003; Seminara et al., 2003) . Kisspeptin stimulates gonadotropin-releasing hormone (GnRH) release (Gottsch et al., 2004; Shahab et al., 2005) and excites GnRH neurons (Han et al., 2005; Dumalska et al., 2008; Liu et al., 2008) , but cannot stimulate luteinizing hormone secretion in GPR54 knock-out mice (Messager et al., 2005) .
In contrast, a neuropeptide that opposes the actions of kisspeptin, GnIH, inhibits gonadotropin release (Tsutsui et al., 2000; Tsutsui, 2009 ) and hyperpolarizes and blocks kisspeptin excitation of gonadotropin neurons (Ducret et al., 2009; Wu et al., 2009) . GnIH actions were selective for GnRH neurons, and no effect on septal GABAergic or cholinergic neurons was detected.
Injections of GnIH into the brain increase food intake (Tachibana et al., 2005 (Tachibana et al., , 2008 Johnson et al., 2007) .
POMC neurons located in the arcuate nucleus are important anorexigenic regulators of energy homeostasis (Boston, 2001) . POMC neurons are suggested to decrease food intake by releasing peptides such as ␣-MSH that activate the MC3/MC4 melanocortin receptors (Cowley et al., 2001; Heisler et al., 2003; Hill et al., 2008) . Deleting the gene for POMC-related peptides results in obesity (Yaswen et al., 1999) . NPY neurons in the arcuate nucleus play an orexigenic role in energy homeostasis (Wang et al., 1997) . Long-distance energy signals leptin and insulin may inhibit feeding by activating POMC neurons, while depressing NPY neurons in the arcuate nucleus (Elias et al., 1999; Schwartz et al., 2000; Cowley et al., 2001; Elmquist, 2001) . Reproduction is dependent on a positive energy balance. Metabolic stress and energy insufficiency have frequently been coupled to disturbed reproductive maturation and/or infertility. Obesity is also commonly linked to altered puberty onset and reproductive impairment (FernandezFernandez et al., 2006; Castellano et al., 2009) . Kisspeptin neurons may also participate in transmitting metabolic information to the GnRH neurons (Tena-Sempere, 2006; Roa et al., 2008; Castellano et al., 2009) . Fasting reduces kisspeptin mRNA expression (Castellano et al., 2005; Luque et al., 2007; Brown et al., 2008) , which precedes the fasting-induced decline of GnRH. Both kisspeptin mRNA and gonadotropins are decreased in diabetic or starved animals.
Kisspeptin is synthesized by neurons in the hypothalamic arcuate and anteroventral periventricular nuclei, and found in local axons within the arcuate nucleus (Gottsch et al., 2004; Brailoiu et al., 2005) . The mRNA of its receptor, GPR54, is also found in the arcuate nucleus , raising the question of whether kisspeptin modulates the activity of arcuate neurons. Here, we studied the electrophysiological effects of kisspeptin on POMC and NPY neurons: Kisspeptin excited POMC neurons directly by mechanisms based on enhancing sodium-calcium exchange and opening nonselective cation channels, while inhibiting NPY cells indirectly by enhancing presynaptic GABA release. GnIH immunoreactive axons innervated POMC neurons, and GnIH attenuated the actions of kisspeptin on POMC neurons.
Materials and Methods
Preparation of hypothalamic slices. Slices containing the hypothalamic arcuate nucleus were obtained from transgenic mice that selectively express enhanced green fluorescent protein (GFP) in POMC-containing neurons (kindly provided by Dr. M. Low, Oregon Health and Science University, Portland, OR), as reported previously (Cowley et al., 2001; Batterham et al., 2002; Acuna-Goycolea and van den Pol, 2005) or from transgenic mice expressing a Renilla GFP selectively in NPY cells . Briefly, 14-to 60-d-old male and female mice maintained in a 12:12 h light/dark cycle were deeply anesthetized by administering an overdose of sodium pentobarbital (100 mg/kg, i.p.) during the light phase of the cycle (10:00 A.M. to 2:00 P.M.). The brains were then rapidly removed and placed in an ice-cold oxygenated (95% O 2 , 5% CO 2 ) high-sucrose solution containing the following (in mM): 220 sucrose, 2.5 KCl, 6 MgCl 2 , 1 CaCl 2 , 1.23 NaH 2 PO 4 , 26 NaHCO 3 , 10 glucose, pH 7.4 (when equilibrated with the mixed O 2 ). A tissue block containing the mediobasal hypothalamus was prepared, and coronal slices (250 -300 m thick) were cut on a vibratome in sucrose solution. The slices were gently moved to an equilibrium chamber filled with gassed, artificial CSF (ACSF) (95% O 2 , 5% CO 2 ) that contained the following (in mM): 124 NaCl, 3 KCl, 2 MgCl 2 , 2 CaCl 2 , 1.23 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose, pH 7.4. After a 1-2 h recovery period, slices were moved to a recording chamber mounted on an Olympus BX51WI upright microscope equipped with video-enhanced, infrared-differential interference contrast (DIC) and fluorescence and perfused with a continuous flow of gassed ACSF. Neurons were viewed using blue excitation light with an Olympus 40ϫ water-immersion lens. The use of mice for these experiments was approved by the Yale University Committee on Animal Use.
Patch-clamp recording. Whole-cell current-and voltage-clamp recordings were performed using pipettes with 4 -6 M⍀ resistance after filling with pipette solution. Recording pipettes were made of borosilicate glass (World Precision Instruments) using a PP-83 vertical puller (Narishige) or with a P-97 Flaming/Brown micropipette puller (Sutter Instrument). For most recordings, the composition of the pipette solution was as follows (in mM): 130 KMeSO 4 (or KCl for IPSCs and mIPSCs), 1 MgCl 2 , 10 HEPES, 1.1 EGTA, 2 Mg-ATP, and 0.5 Na 2 -GTP, 10 Na 2 -phosphocreatine, pH 7.3 with KOH. For some experiments, Cs-based pipette solution was used, which contains the following: 130 CsMeSO 4 , 1 MgCl 2 , 10 HEPES, 1.1 EGTA, 2 Mg-ATP, and 0.5 Na 2 -GTP, 10 Na 2 -phosphocreatine, pH 7.3 with CsOH. POMC neurons in the arcuate nucleus were initially identified under fluorescence, and then DIC was used to get a seal in these cells. After a gigaohm seal was obtained, a gentle negative pressure was applied to break through to the whole-cell configuration. An EPC10 amplifier and Patchmaster software (HEKA Elektronik) were used for data acquisition. Slow and fast capacitance were compensated automatically using Patchmaster software. Input resistance was monitored continuously, and only those cells with a stable access resistance (change Ͻ10%) were used for analysis. The recordings were made at 32°C.
Pulsefit (HEKA Electronik), Axograph (Molecular Devices), and Igor Pro (Wavemetrics) software were used for analysis. Both miniature and spontaneous postsynaptic currents were detected and measured with an algorithm in Axograph (Bekkers and Stevens, 1995) , and only those events with amplitude Ͼ5 pA were used. The frequency of action potentials was measured using Axograph as well. In Results, data are expressed as mean Ϯ SE unless otherwise noted. ANOVA with Bonferroni's post hoc test, t test, and Kolmogorov-Smirnov statistical tests were used. A value of p Ͻ 0.05 was considered statistically significant. The membrane potential values were compensated to the liquid junction potential of ϩ9.5 mV when KMeSO4 pipette solution was used. In some experiments, the initial potential was shifted by injection of a small negative current to stabilize the cells. The spike frequency, membrane potential, and current values used as control values were the mean values from 1 to 2 min of stable recording before drug application, depending on the experiment. Changes after applying kisspeptin or other peptides were also the mean value of a 1-2 min stable period when the maximal effect was reached.
Immunocytochemistry.
To determine whether substances we tested physiologically might be released by axon terminals near recorded cells, we combined immunocytochemistry with detection of GFP in male and female adult POMC-GFP mice. Rabbit antisera against kisspeptin that has been characterized (Franceschini et al., 2006; Lapatto et al., 2007) was used at 1:10,000 -1:50,000 (generous gift from Dr. I. Franceschini, CNRS, Nouzilly, France, and purchase from Millipore) (n ϭ 5 mice). NPY antiserum was used at 1:3000 (Bachem) (n ϭ 3 mice). A well characterized GnIH antiserum (Kriegsfeld et al., 2006) was kindly provided by Dr. George Bentley (University of California, Berkeley, CA) and was used at 1:3000 (n ϭ 4 mice). After treatment with 0.3% Triton X-100 for 1 h, 16-to 30-m-thick sections cut on a vibratome or cryostat were incubated overnight in primary antiserum. Secondary goat or donkey anti-rabbit conjugated to rhodamine, Texas Red, or Alexa 594 from Invitrogen was used at 1:150 to 1:300 for 1-2 h. Sections were examined with an Olympus IX70 fluorescent microscope, and photographs were taken with a Spot digital camera. Micrographs were corrected with respect to contrast and density using Adobe Photoshop.
Quantitative real-time PCR. Region-specific mouse brain tissue samples were microdissected from 250-to 300-m-thick brain slices (harvested as described in the section on electrophysiological methods), and total RNA was extracted from each sample using the RNeasy Micro kit (QIAGEN). Total RNA was reverse transcribed with qScript cDNA SuperMix (Quanta Biosciences). Quantitative PCR (qPCR) was performed in 96-well dishes on an iCycler iQ Multicolor Real-Time Detection System (Bio-Rad) using TaqMan Gene Expression Assays catalog #Mm00475046_m1 Gpr54 (ABI). The results were normalized to ␤-actin expression using the Endogenous Control Assay (ABI; part no. 4352933E), mouse ACTB FAM Dye/MGB probe, nonprimer limited, amplicon size of 115 bp. qPCRs were performed using TaqMan Gene Expression Master Mix (ABI) according to the manufacturer's protocol.
Chemicals and reagents. Kisspeptin (human metastin 45-54 amide, KiSS-1, or mouse kisspep- Kisspeptin, GnIH, RFRP-3, and DHPG were applied focally to the recorded neurons via a large 400 m tip diameter flow pipe. When drugs were not applied, a continuous flow of buffer was supplied from the flow pipe. KB-R7943, SN-6, SKF96365, and peptide 234 were applied in the continuous flow of buffer as well as with kisspeptin when the cells were pretreated with these chemicals. TTX, AP5, CNQX, BIC, CdCl 2 , and BaCl 3 were applied in the bath.
Results

Kisspeptin-immunoreactive axons surround POMC neurons
Immunocytochemical staining with antisera against kisspeptin revealed a high density of immunoreactive axons in the mouse arcuate nucleus, confirming previous reports (Franceschini et al., 2006; Lapatto et al., 2007) . We examined the relationship of kisspeptin-immunoreactive fibers labeled with red fluorescence with POMC neurons that expressed the reporter gene for GFP. Many green POMC cells (Fig. 1 B) were surrounded by red kisspeptin-immunoreactive fibers ( Fig. 1 A, C) , suggesting that the released peptide would be in an anatomical position to influence the POMC cell. Having identified a close anatomical juxtaposition of kisspeptin axonal boutons near POMC neurons, we used a neurophysiological approach to determine whether kisspeptin had any effect on the POMC cells.
Kisspeptin excites POMC neurons
Whole-cell patch-clamp recordings were undertaken from identified GFP-tagged POMC neurons located in the arcuate nucleus of acute brain slices. The effect of kisspeptin on POMC neurons was studied. Kisspeptin excited POMC cells. With current-clamp recording, kisspeptin (1 nM to 1 M) increased the spike frequency and depolarized the membrane potential of POMC cells dose-dependently ( Fig. 2A-H ) ; typical of frequent spikes associated with a sustained depolarization, the spike amplitude was reduced over time ( Fig. 2 A, B) . After application of kisspeptin (1 M) for 1 min, the spike frequency of POMC cells (from mice 14 -60 d old) was increased by 196 Ϯ 32% ( p Ͻ 0.01; n ϭ 16; ANOVA), and the membrane potential was depolarized by 7.8 Ϯ 0.8 mV from the starting membrane potential of Ϫ57.6 Ϯ 0.9 mV ( p Ͻ 0.01; n ϭ 16; ANOVA) ( Fig. 2C-H ). The effect of kisspeptin was compared in mice grouped by different ages and gender. In mice aged 31-60 d, kisspeptin (1 M) increased the spike frequency by 196 Ϯ 57% ( p Ͻ 0.01; n ϭ 5; ANOVA) in male mice and by 221 Ϯ 58% ( p Ͻ 0.01; n ϭ 5; ANOVA) in female mice, with no significant difference between two groups ( p Ͼ 0.05; n ϭ 10; t test). The membrane potential was depolarized by 7.4 Ϯ 2.1 Figure 3 . GPR54 receptor antagonist peptide 234 inhibits the excitation of kisspeptin on POMC cells. A, A bar graph based on qPCR shows relative levels of GPR54 mRNA in several brain areas and in muscle (MUS), consistent with previous reports . Four levels of the ARC were sampled, rostral to caudal (numbers show deciles in position from rostral to caudal, with 10 being in the rostralmost 10% of the arcuate nucleus, and 100 being in the caudalmost region of the nucleus). All regions of the arcuate nucleus expressed kisspeptin receptor mRNA. CER, Cerebellum; STR, striatum; HIP, hippocampus; MPO, medial preoptic area; MS, medial septum; MUs, muscle. The bars represent means; most bars are based on samples from four mice, each analyzed independently, with ARC10 and ARC95 based on three mice and muscle based on two mice. mV ( p Ͻ 0.05; n ϭ 5; ANOVA) in male mice and by 7.8 Ϯ 0.8 mV ( p Ͻ 0.01; n ϭ 5; ANOVA) in female mice without significant difference between genders ( p Ͼ 0.05; n ϭ 10; t test) ( Fig. 2 E, F ). When the data for adult male and female mice aged 31-60 d was pooled to form one group, the increase in spike frequency was 208 Ϯ 37% ( p Ͻ 0.01; n ϭ 10; ANOVA) and the membrane potential depolarization was 7.6 Ϯ 1.0 mV ( p Ͻ 0.01; n ϭ 6; ANOVA) ( Fig. 2 E, F ) . We compared these means to immature mice aged at 14 -28 d. In six mice (three males and three females) aged from 14 to 30 d, kisspeptin (1 M) increased the spike frequency of POMC cells by 177 Ϯ 62% ( p Ͻ 0.01; n ϭ 6; ANOVA) and depolarized the membrane potential by 8.2 Ϯ 1.4 mV ( p Ͻ 0.01; n ϭ 6; ANOVA). There was no statistical difference between adults and immature mice ( p Ͻ 0.05; n ϭ 16; t test) ( Fig. 2 E, F ) . Below, we pool all data from mice of different gender and ages together.
The effect of kisspeptin was long-lasting in most cells, and spike frequency recovered after a washout averaging 10 min (spike frequency, 124 Ϯ 24% vs control; and membrane potential, 3.0 Ϯ 0.3 mV vs control) (Fig. 2 D) . To examine the possibility of desensitization, in 10 cells that were excited by kisspeptin (from 1 nM to 1 M), after the membrane potential and firing status recovered to the control level after peptide washout, we applied the same concentration of kisspeptin again to the same POMC cells. In 7 of these 10 cells, the second application of kisspeptin also evoked an excitatory effect, but with a smaller depolarization compared with the first effect; the second application of kisspeptin did not depolarize three cells. The membrane potential change after the first and second application was compared in all 10 cells (first depolarization, 4.7 Ϯ 1.1 mV; second, 1.1 Ϯ 0.4 mV; p Ͻ 0.05; t test) ( Fig. 2 B) , suggesting that the response to kisspeptin does desensitize.
We used both human and mouse kisspeptin-10 that differ by one amino acid. Since both kisspeptins gave similar results, data were pooled; previous in vivo work in mice also showed similar responses to human and mouse kisspeptin .
To minimize the disturbance of the intracellular environment during recording, cell-attached recording was also used to investigate the effect of kisspeptin on POMC neurons. Kisspeptin (1 M) increased the frequency of the action currents of POMC neurons by 252 Ϯ 85% ( p Ͻ 0.05; n ϭ 6; ANOVA) with cellattached recording. This is consistent with the effect of kisspeptin on spike frequency of POMC neurons obtained by whole-cell recording, suggesting that, with both whole-cell recording and the resultant perfusion of the intracellular milieu, and with cellattached recording in which the intracellular ionic composition is not altered, kisspeptin excited POMC neurons.
GPR54 receptors are expressed in arcuate nucleus POMC cells and mediate the excitation of kisspeptin
Previous reports have shown kisspeptin receptors in the arcuate nucleus ), but the reporter gene lacZ, regulated by the kisspeptin receptor gene promoter in a knock-in mouse, showed no expression in the arcuate nucleus (Herbison et al., 2010) . To further investigate the expression of kisspeptin receptor mRNA in the arcuate nucleus, we used quantitative reverse transcription-PCR in the mouse brain. We found strong kisspeptin receptor expression in the medial preoptic area and medial septum where GnRH neurons are found, and also found expression in all rostrocaudal regions of the arcuate nucleus, and lower levels in the hippocampus, striatum, and cerebellum (Fig. 3A) . In contrast, muscle, used as a negative control, showed no expression. These data support the view that some neurons of the mouse arcuate nucleus do express the kisspeptin receptor mRNA.
To substantiate further that the excitation induced by kisspeptin in POMC cells was mediated by the GPR54 receptor, the recently identified kisspeptin antagonist peptide 234 was tested. Peptide 234 is a 10 aa peptide obtained by substituting amino acids of kisspeptin-10, the minimal sequence required for full GPR54 receptor binding and activation . Under current-clamp recording, after a stable control was obtained, peptide 234 was applied to POMC cells first and then kisspeptin was applied together with peptide 234. Interestingly, peptide 234 (1 M) alone inhibited POMC cells (Fig. 3B) . After a 4 min application, peptide 234 (1 M) decreased the spike frequency of POMC cells by 48 Ϯ 6.7% ( p Ͻ 0.01; n ϭ 6; paired t test) and showed a tendency to hyperpolarize the membrane potential (by 3.6 Ϯ 1.6 mV; p ϭ 0.07; n ϭ 6; paired t test) (Fig. 3C) , suggesting tonic GPR54 receptor activity may be present in POMC cells.
In the presence of peptide 234, 1 min application of kisspeptin (100 nM) showed a greatly decreased tendency to increase the spike frequency (40 Ϯ 16%; p ϭ 0.07; n ϭ 6; paired t test) and failed to depolarize the membrane potential significantly (by 2.3 Ϯ 1.4 mV; p Ͼ 0.05; n ϭ 6; paired t test) (Fig. 3C ). The effect of kisspeptin in the presence of peptide 234 was substantially smaller than the effect of application of kisspeptin in the absence of peptide 234 (spike frequency increase: 40 Ϯ 16 vs 160 Ϯ 31%, p Ͻ 0.01; n ϭ 11; group t test; p Ͻ 0.05; membrane depolarization: 2.3 Ϯ 1.4 vs 7.4 Ϯ 1.2 mV, p Ͻ 0.05; n ϭ 11; group t test) (Fig. 3 D, E) . These results suggest that kisspeptin excites POMC cells via activation of the GPR54 receptor and the antagonist reduces this activation.
Kisspeptin excites POMC cells via a direct postsynaptic effect
The effect of kisspeptin was further investigated in the presence of TTX (0.5 M), to block spontaneous firing, and glutamate and GABA receptor antagonists AP5 (50 M), CNQX (10 M), and BIC (30 M) to block presynaptic input. Under these conditions, kisspeptin (1 M) consistently depolarized the membrane potential of POMC neurons (Fig. 4 A) with an average depolarization of 6.2 Ϯ 1.4 mV from the starting membrane potential of Ϫ55.3 Ϯ 2.7 mV ( p Ͻ 0.01; n ϭ 7; ANOVA). The current-voltage relationship before and after applying kisspeptin (1 M) was obtained by injecting a series of square wave currents from Ϫ70 to 0 pA. The input resistance was calculated based on the linear part of the current-voltage relationship curve (Fig. 4 B1-B3 ). Kisspeptin (1 M) modestly decreased the input resistance by 9 Ϯ 3.7% (control, 1200 Ϯ 129 M⍀; kisspeptin, 1080 Ϯ 109 M⍀; p Ͻ 0.05; n ϭ 9; paired t test). These results suggest that kisspeptin modulates the POMC neurons via a direct postsynaptic mechanism.
We next investigated the effect of kisspeptin on spontaneous EPSCs and IPSCs in GFP-expressing POMC neurons. Spontaneous EPSCs were recorded using a KMeSO 4 pipette solution with BIC (30 M) in the bath. Under these conditions, kisspeptin (1 M) did not change the frequency of EPSCs (95 Ϯ 12% of control; p Ͼ 0.05; n ϭ 7; ANOVA) (Fig. 4C,D) . In the presence of AP5 (50 M) and CNQX (10 M), spontaneous IPSCs were recorded at a holding potential of Ϫ60 mV using a KCl pipette solution. Similarly, kisspeptin (1 M) did not change the frequency of IPSCs (99 Ϯ 4% of control; p Ͼ 0.05; n ϭ 6; ANOVA) ( 4 E, F ). These results suggest that the excitation of kisspeptin on POMC neurons is not attributable to a modulation of presynaptic input.
Kisspeptin directly evokes an inward current in POMC neurons
To clarify the mechanism underlying this inward current, we compared the kisspeptin-evoked inward current under several conditions with modified ACSF bath solution or pipette solution. All recordings were done with TTX (0.5 M) in the bath. Using voltage-clamp recording at a holding potential of Ϫ60 mV, kisspeptin (1 M) evoked an inward current in POMC neurons. The amplitude of this current was 31.4 Ϯ 7.3 pA (n ϭ 8) (Fig.  5 A, H ) . In a nominal zero Ca 2ϩ /10 mM Mg 2ϩ ACSF solution, kisspeptin evoked a smaller inward current (19.8 Ϯ 5.4 pA), but the reduction was not significantly smaller than in control ACSF (n ϭ 5) (Fig. 5 B, H ) ( p Ͼ 0.05; n ϭ 13; t test). Next, BAPTA (10 mM) was added to the pipette solution to buffer the intracellular Ca 2ϩ , and the kisspeptin evoked inward current was recorded. After the BAPTA diffused into the cell, kisspeptin (1 M) evoked only a very small inward current (2.8 Ϯ 1.1 pA; n ϭ 6) (Fig. 5C,H ) , significantly smaller than the current evoked by kisspeptin without BAPTA in the pipette ( p Ͻ 0.01; n ϭ 14; t test). This suggests that the inward current is dependent on intracellular Ca 2ϩ , which is consistent with activation of both the Na-Ca exchanger (NCX) and some nonselective cation currents (Ehara et al., 1989; Blair et al., 2009; Dong et al., 2009 ).
Li ϩ can replace Na ϩ in nonselective cation channels but is not able to replace Na ϩ in most NCXs (Wu et al., 2004) (but see Palty et al., 2004) . We replaced 80% of the Na ϩ in the ACSF with Li ϩ to see whether this replacement would change the kisspeptin-induced inward current. Under this condition, kisspeptin evoked an inward current with an amplitude of 13.7 Ϯ 4.6 pA (n ϭ 6) ( Fig. 5 D, H ) , which is smaller than the current obtained in normal ACSF ( p Ͻ 0.05; n ϭ 14; t test). Next, the NCX blocker, KB-R7943, was used (Wu et al., 2004; Huang and van den Pol, 2007; Parmentier et al., 2009 ). In the presence of KB-R7943 (60 M), the inward current evoked by kisspeptin (1 M) was decreased to 5.5 Ϯ 0.6 pA (n ϭ 6) ( Fig.  5 E, H ) , which was significantly smaller than the current evoked in the absence of this blocker ( p Ͻ 0.01; n ϭ 14; t test). Together, these results suggest that one mechanism underlying the inward current induced by kisspeptin is based on activation of the NCX current. Although the primary action of KB-R7943 is to block the NCX, it is also reported to have a partial side effect in attenuating nonselective cation currents (Kraft, 2007) , and this may explain why KB-R7943 exerted a greater effect than Li ϩ substitution for Na ϩ . A newer benzyloxyphenyl NCX blocker SN-6, which is more selective to NCXs compared with KB-R7943 (Niu et al., 2007) , was also used here. In the presence of SN-6 (10 M), kisspeptin (1 M) induced an attenuated inward current of 11.8 Ϯ 2.4 pA (n ϭ 7), which is smaller than the current evoked in normal ACSF ( p Ͻ 0.05; n ϭ 15; t test) (Fig.  5 F, H ) , further supporting the involvement of the NCX in kisspeptin-induced inward current in POMC cells.
Next, the effect of SKF96365, a blocker of nonselective cation channels (Wang et al., 2007; Tsunematsu et al., 2008; Dong et al., 2009 ) was tested. In the presence of SKF96365 (10 M), kisspeptin (1 M) induced an inward current of 11.3 Ϯ 1.9 pA (n ϭ 6), statistically smaller than the current evoked in normal ACSF ( p Ͻ 0.05; n ϭ 14; t test) (Fig. 5G,H ) , suggesting that the activation of nonselective cation channels may be another mechanism by which kisspeptin induced an inward current in POMC cells, similar to that reported in GnRH neurons (Zhang et al., 2008) .
To address further the underlying mechanisms of kisspeptin action, we next used voltage ramps. In GnRH neurons, kisspeptin may act via the reduction of inward rectified potassium currents (Dumalska et al., 2008) . The kisspeptin evoked current was in- vestigated using a ramp voltage protocol from Ϫ130 to 0 mV at a holding potential of Ϫ60 mV. With the perfusion of normal ACSF with TTX (0.5 M), AP5 (50 M), CNQX (10 M), BIC (30 M), and CdCl 2 (200 M), using a KMeSO 4 pipette solution, the ramp voltage input from Ϫ130 to 0 mV induced a current response as shown in Figure 6 A. Kisspeptin (1 M) increased the current evoked by this ramp protocol. After subtracting the control from the current found after applying kisspeptin, a kisspeptin-evoked current was obtained (Fig. 6 A) . The average amplitude of the kisspeptin-induced current was 51.9 Ϯ 12.4 pA at Ϫ125 mV (n ϭ 9) ( Fig. 6 E) ; this is greater than the 31 pA current described above in voltage clamp because of the more hyperpolarized membrane potential at which the current was measured.
To attenuate a possible inward rectified potassium current component from the kisspeptin-induced current, BaCl 2 (300 M) was added to the ACSF bath solution and a CsMeSO 4 -based pipette solution was used. Using the same voltage ramp as used in the control test above, kisspeptin (1 M) also evoked a current that was very similar to the kisspeptininduced current obtained in the absence of Ba 2ϩ and with a K ϩ pipette solution (Fig. 6 B) . The amplitude of this current at Ϫ125 mV was 45.2 Ϯ 11.7 pA (n ϭ 8) (Fig. 6 E) . Since the substitution of Cs ϩ for K ϩ in the pipette and the addition of Ba 2ϩ to the ACSF had no substantive effect on kisspeptin mediated currents, this suggests that attenuation of a potassium current may not play a major role in the excitatory effect of kisspeptin on POMC cells.
When lithium was substituted for sodium and a voltage ramp was used as above, the amplitude of this kisspeptin-evoked current at Ϫ125 mV was decreased to 15.2 Ϯ 9.4 pA (n ϭ 6) ( Fig.  6C ,E) ( p Ͻ 0.05 vs normal ACSF; t test), consistent with activation of the NCX as found with the voltage-clamp experiment above. In a second experiment also based on voltage ramp, after pretreatment with KB-R7943 (60 M), the kisspeptin-induced current was decreased to 11.8 Ϯ 5.9 pA (n ϭ 7) (Fig. 6 D, E) ( p Ͻ 0.01 vs normal ACSF; t test). These ramp results further support the view that the kisspeptin-evoked current may be mediated in part by a mechanism depending on the activation of the NCX.
DHPG excites POMC neurons
In septal GnRH neurons, none of the cells that responded to kisspeptin also responded to the group I metabotropic glutamate receptor agonist DHPG (Dumalska et al., 2008) . Other septal GnRH cells that did respond to DHPG did not respond to kisspeptin. We therefore tested whether the same was true of POMC neurons. In striking contrast to GnRH neurons, all POMC cells tested were excited by DHPG (Fig. 7 A, B) . A 10 s application of DHPG (10 -50 M) depolarized the POMC cells by 6.1 Ϯ 1.0 mV from the starting membrane potential of Ϫ57.2 Ϯ 1.6 mV ( p Ͻ 0.01; n ϭ 8; t test). In five cells excited by DHPG (depolarization, 7.2 Ϯ 1.1 mV; p Ͻ 0.01; t test), we also applied kisspeptin (1 M) after the cell recovered from DHPG excitation and found that all five cells also responded to kisspeptin (depolarization, 5.8 Ϯ 0.7 mV; p Ͻ 0.01; t test) (Fig. 7A-D) . These results suggest that, unlike GnRH neurons, individual POMC cells in the arcuate nucleus are excited by both group I metabotropic glutamate receptor agonist DHPG and by kisspeptin.
GnIH and RFRP-3 inhibit POMC neurons
GnIH-immunoreactive axons are found throughout the arcuate nucleus (see Fig. 9D ). In studies on POMC-GFP transgenic mice, we found red GnIH-immunoreactive terminals apposed to green POMC cells (n ϭ 4 mice). GnIH inhibits GnRH neurons (Tsutsui et al., 2000; Wu et al., 2009 ), but electrophysiological effects on other types of neurons have not been reported. We tested the effect of GnIH on POMC cells. GnIH consistently inhibited POMC cells. GnIH in a range of concentrations from 10 nM to 1 M inhibited POMC cells dose-dependently, with GnIH (1 M) decreasing the spike frequency by 89.9 Ϯ 1.8% ( p Ͻ 0.01; n ϭ 6; ANOVA) and hyperpolarizing the membrane by 10.5 Ϯ 2.6 mV from the starting membrane potential of 57.1 ؎ 2.2 mV ( p Ͻ 0.01; n ϭ 6; ANOVA) (Fig. 8 A, B, D, E) . The mammalian analog of GnIH, RFRP-3 (1 M), also depressed POMC cells, with a 71.2 Ϯ 13.5% reduction in spike frequency ( p Ͻ 0.01; n ϭ 7; ANOVA) and 4.7 Ϯ 1.3 mV hyperpolarization from the starting membrane potential of Ϫ59.0 Ϯ 1.7 mV ( p Ͻ 0.01; n ϭ 7; ANOVA) ( Fig. 8C-E) . In the presence of TTX (0.5 M), AP5 (50 M), CNQX (10 M), and BIC (30 M) in the bath solution, GnIH (1 M) hyperpolarized POMC cells by 5.0 Ϯ 2.0 mV from the starting membrane potential of Ϫ62.4 Ϯ 3.0 mV ( p Ͻ 0.05; n ϭ 6; ANOVA) (Fig. 8 F) , suggesting that GnIH inhibits POMC cells via a direct postsynaptic effect.
To study the effect of GnIH on input resistance, the current-voltage relationship before and during application of GnIH (1 M) was obtained by injecting a series of square-wave currents from Ϫ80 to 0 pA. The input resistance was calculated from the linear part of the current-voltage relationship curve. GnIH (1 M) decreased the input resistance by 23.5 Ϯ 6.6% (control, 1210 Ϯ 158 M⍀; GnIH, 954 Ϯ 197 M⍀; p Ͻ 0.01; n ϭ 5; t test). These data suggest that GnIH inhibits POMC neurons by opening ion channels in the cell membrane.
The inhibitory action of GnIH on GnRH neurons involves activation of potassium channels (Wu et al., 2009) . To test whether GnIH may inhibit POMC neurons via the same mechanism, in the presence of TTX (0.5 M), AP5 (50 M), CNQX (10 M), BIC (30 M), and CdCl 2 (200 M) in the ACSF, a voltage ramp from Ϫ120 to Ϫ20 mV was delivered to the cells under voltage-clamp recording. This generated a current with a mean reversal potential of Ϫ91.7 Ϯ 5.9 mV (n ϭ 6), which is consistent with opening potassium channels.
GnIH and NPY attenuate kisspeptin excitation of POMC neurons
Above, we show that GnIH inhibits POMC neurons. To determine whether GnIH might reduce the long-lasting excitation elicited by kisspeptin, in six POMC cells, we applied kisspeptin (1 M) first, which excited the POMC cells (spike frequency increased to 339 Ϯ 68% of the control; p Ͻ 0.05; and membrane potential was depolarized by 6.4 Ϯ 1.7 mV; p Ͻ 0.05; ANOVA with Bonferroni's post hoc test). After the activity of the kisspeptin-excited cells stabilized, GnIH (1 M) was applied for 1 min in the place of kisspeptin. GnIH greatly reduced the longlasting kisspeptin excitation (spike frequency was reduced to 54.4 Ϯ 20.9% of the control, and 19.8 Ϯ 8.6% of the kisspeptin-mediated spike frequency; p Ͻ 0.01; ANOVA and hyperpolarized the membrane (by 0.2 Ϯ 2.6 mV compared with control, and 6.6 Ϯ 2.0 mV compared with kisspeptin-mediated depolarization; p Ͻ 0.01; ANOVA with Bonferroni's post hoc test) (Fig. 9A-C) .
In another six POMC cells, kisspeptin (10 nM) was applied continuously through the flow pipette to excite the cells. After obtaining a relatively stable level of excitation (spike frequency increased to 380 Ϯ 64% of the control), GnIH (1 M) together with kisspeptin (10 nM) was applied to these cells. The excitation of kisspeptin in these cells was significantly reversed by the presence of GnIH (the spike frequency decreased to 19 Ϯ 8% compared with the level without GnIH; p Ͻ 0.01; ANOVA). Interestingly, this spike depression completely recovered after washing out GnIH (spike frequency was 440 Ϯ 126% vs control) (Fig. 9E-G) . These results again suggest that GnIH can transiently block kisspeptin actions, but in the absence of GnIH, kisspeptinmediated excitation recovers. As kisspeptin and GnIH actions are mediated by different G-protein mechanisms, the transient GnIH-mediated inhibition of kisspeptin excitation is most likely based on the negative shift in membrane potential away from the spike threshold as K ϩ channels open, and the reduction in input resistance mediated by GnIH.
NPY is found in axons that terminate on cells expressing POMC immunoreactivity (Cowley et al., 2001; Menyhért et al., 2006) and, similarly, terminate near POMC cells expressing GFP, as shown in Figure 9H . We therefore examined the effect of NPY on the kisspeptin-mediated excitation. In nine POMC cells, we first applied kisspeptin (1 M), which increased action potential frequency (spike frequency was increased to 299 Ϯ 43% of the control; p Ͻ 0.05; and membrane potential was depolarized by 6.4 Ϯ 1.6 mV; p Ͻ 0.05; ANOVA). NPY (1 M) was then applied to these excited cells for 1 min. Similar to GnIH, NPY attenuated the kisspeptin-induced excitation (spike frequency was reduced to 19.6 Ϯ 11.0% of the control, and 11.2 Ϯ 8.5% of kisspeptinmediated spike frequency; p Ͻ 0.01 vs kisspeptin; ANOVA with Bonferroni's post hoc test) and hyperpolarized the membrane (by 3.7 Ϯ 2.3 mV compared with control, and 10.1 Ϯ 2.1 mV compared with kisspeptin; p Ͻ 0.01 vs kisspeptin; ANOVA with Bonferroni's post hoc test) of these cells (Fig.  9I-K) . Similar to our findings with GnIH, NPY has previously been reported to inhibit POMC cells by a mechanism based on activation of outward K ϩ current (Roseberry et al., 2004; Acuna-Goycolea and van den Pol, 2005) .
Kisspeptin inhibits NPY cells in the arcuate nucleus by enhancing inhibitory synaptic activity
A current model of the central control of food intake suggests that the NPY neurons in the arcuate nucleus oppose the anorexigenic actions of the POMC cells (Cowley et al., 2001; Heisler et al., 2003; Hill et al., 2008) . The effect of kisspeptin on these NPY cells in the arcuate nucleus was investigated using a transgenic mouse expressing bright Renilla GFP selectively in NPY neurons . In contrast to the excitation found in POMC cells, kisspeptin showed consistent inhibitory effects on NPY cells (Fig.  10 A, C,D) . Inhibitory actions of kisspeptin have not been previously found. With whole-cell recording, kisspeptin (1 M) for 1 min reduced the spike frequency by 61 Ϯ 10% of control ( p Ͻ 0.01; n ϭ 7; ANOVA) (Fig. 10C) , and the membrane potential was hyperpolarized by 5.0 Ϯ 1.9 mV from a starting membrane potential of Ϫ57.7 mV ( p Ͻ 0.01; n ϭ 7; ANOVA). Consistent with the whole-cell recording, when we used cell-attached recording to eliminate any possibility of the pipette altering the intracellular milieu, kisspeptin (1 M) also decreased the action current of NPY cells by 58 Ϯ 12% ( p Ͻ 0.01; n ϭ 6; ANOVA) (Fig. 10 D) .
The inhibition of kisspeptin on NPY cells was significantly attenuated by adding BIC (30 M) to the bath. In the presence of BIC, kisspeptin (1 M) did not decrease the spike frequency of NPY cells significantly (14 Ϯ 30% decrease; p Ͼ 0.05; n ϭ 6; ANOVA) ( Fig. 10 B, E) , suggesting that the inhibition of kisspeptin on NPY neurons is primarily dependent on GABAergic input to NPY cells. Furthermore, we tested whether kisspeptin acts directly on NPY cells. In the presence of TTX (0.5 M), AP5 (50 M), CNQX (10 M), and BIC (30 M) to block synaptic actions, kisspeptin did not significantly change the membrane potential (Ϫ1.2 Ϯ 0.6 mV; p Ͼ 0.05; n ϭ 9; ANOVA) ( Fig.  10 F) . Similarly, the input resistance was not changed significantly under the same conditions (control, 1234 Ϯ 93 M⍀; kisspeptin, 1282 Ϯ 102 M⍀; p Ͼ 0.05; n ϭ 8; t test) (Fig.  10G) . These results suggest that the inhibition of kisspeptin on NPY cells is not attributable to a direct effect on NPY cells.
Next, we investigated the effect of kisspeptin on inhibitory synaptic transmission. In the presence of AP5 and CNQX in the bath, IPSCs were recorded with a KCl pipette solution. Kisspeptin (1 M) increased the frequency of IPSCs by 45 Ϯ 8% ( p Ͻ 0.05; n ϭ 6; ANOVA) ( Fig.  10 H, I ). In TTX along with AP5 and CNQX in the bath, miniature IPSCs (mIPSCs) were recorded, and kisspeptin (1 M) was found to increase the frequency of mIPSCs by 35 Ϯ 9% ( p Ͻ 0.01; n ϭ 6; ANOVA) without changing the amplitude of mIPSCs (control amplitude, 63 Ϯ 8 pA; kisspeptin, 59 Ϯ 6 pA; p Ͼ 0.05; n ϭ 6; ANOVA) ( Fig. 10 J-L) . The increase in frequency without a change in amplitude suggests a presynaptic action of kisspeptin on GABA axons to enhance transmitter release.
Discussion
Kisspeptin is a recently identified neuropeptide critical for the induction of puberty and maintenance of fertility. In the absence of the peptide or its receptor, humans and rodents do not reach puberty and remain sterile. The physiological actions of kisspeptin have so far primarily been studied in GnRH neurons. Because reproduction is provisionally dependent on the availability of sufficient energy resources, we examined the actions of kisspeptin on neurons of the arcuate nucleus that sense and regulate food intake and energy homeostasis. With immunocytochemistry, we found many kisspeptin-immunoreactive axonal boutons terminating on or near POMC neurons. With whole-cell recording, we found a potent, dose-dependent excitation of kisspeptin on POMC neurons. In contrast, kisspeptin inhibited NPY cells by a presynaptic mechanism. Both GnIH and the orexigenic peptide NPY inhibited POMC neurons and also attenuated kisspeptin excitation; direct electrophysiological actions of GnIH had previously only been found in GnRH neurons (Ducret et al., 2009; Wu et al., 2009 ).
Mechanism of kisspetin action
Kisspeptin consistently depolarized the membrane potential, increased the firing rate, and reduced input resistance of POMC neurons, and the depolarizing effect persisted in the presence of TTX. The mechanism of the excitation of kisspeptin on POMC cells appears to be based primarily on the activation of a NCX, as suggested by the following observations: The inward current evoked by kisspeptin was decreased by replacement of the Na ϩ in the ACSF by Li ϩ (Wu et al., 2004) , by the intracellular calcium chelator BAPTA, and by the NCX blocker KB-R7943 (Wu et al., 2004; Huang and van den Pol, 2007) . As NCX blockers may not fully block, and may have additional actions, we showed that another more selective NCX blocker, SN-6 (Niu et al., 2007) , also attenuates kisspeptin actions, further supporting a mechanism based on the NCX. We cannot exclude a second mechanism based on activation of a nonselective cation current, consistent with the partial attenuation by SKF96365, a blocker of nonselective cation channels (Wang et al., 2007; Tsunematsu et al., 2008; Dong et al., 2009) , and the modest decrease in input resistance. Furthermore, intracellular BAPTA, which attenuates the NCX, may also attenuate some nonselective cation currents. Thus, in POMC neurons, kisspeptin appears to activate the NCX and may also activate nonselective cation currents, whereas in GnRH neurons it activates a nonselective cation current Zhang et al., 2008) and attenuates a Ba 2ϩ -sensitive potassium channel (Dumalska et al., 2008; Liu et al., 2008) . In POMC neurons, substitution of Cs ϩ for K ϩ , and addition of Ba 2ϩ had little effect on kisspeptin-mediated excitation, suggesting that attenuation of K ϩ conductance was not a primary mechanism. Another difference between GnRH and POMC neurons is that single POMC cells were excited by both kisspeptin and the metabotropic glutamate agonist DHPG, whereas single GnRH cells responded only to one or the other, not both (Dumalska et al., 2008) . These data indicate that POMC cells can be serially excited by both glutamate via a G-protein cascade, and by G-proteincoupled kisspeptin actions. We did not find a significant effect of kisspeptin on either EPSCs or IPSCs in POMC cells.
The inhibition of kisspeptin on NPY cells is mediated by an indirect mechanism, presynaptic activation of GABAergic neurons. Since we found that kisspeptin excites POMC neurons, which also may contain GABA (Hentges et al., 2004) , the increase in GABAergic synaptic tone in the NPY neurons hypothetically may arise from kisspeptin activation of POMC neurons (Fig. 11) . Although the projection of NPY cells to POMC neurons is substantial (Cowley et al., 2001) , models of arcuate neuron interaction include a POMC projection to NPY neurons (Barsh and Schwartz, 2002; Seeley, 2004) , supported by the detection of POMC-immunoreactive axons terminating on NPY cells in some species (Menyhért et al., 2006) , and the expression of melanocortin receptors by NPY cells (Mounien et al., 2005) . Alternately, kisspeptin may excite other non-POMC GABA neurons that project to the NPY cells. Parallel to its actions on NPY cells, kisspeptin also increases synaptic activity in GnRH neurons (Pielecka-Fortuna and Moenter, 2010) and in hippocampal dentate granule neurons (Arai et al., 2005) . Similar to kisspeptin actions in the arcuate nucleus, the metabolic hormone that signals fat content, leptin, directly depolarizes POMC neurons while hyperpolarizing NPY neurons (Cowley et al., 2001) ; in parallel, leptin and insulin increase POMC gene expression while inhibiting NPY gene expression (Schwartz et al., 1992; Elias et al., 1999; Benoit et al., 2002) .
GnIH/RFRP-3-mediated inhibition of POMC cells appears to be based on opening K ϩ channels, as suggested by the direct hyperpolarization in the presence of TTX, the reduction in input resistance, and the reversal potential of Ϫ91 mV.
Functional relevance to energy homeostasis and reproduction
As noted previously, the POMC neuron plays a key role in reducing energy intake, whereas the NPY/AgRP cell plays an important orexigenic role in energy homeostasis. Thus, the strong direct excitation of POMC cells by kisspeptin, coupled with the indirect inhibition of NPY neurons, suggests that, under some conditions, kisspeptin may serve to modulate energy homeostasis. Our results showing the opposing actions of kisspeptin on anorexigenic POMC and orexigenic NPY cells further support the view that kisspeptin may modulate, in opposite directions, both arms of the arcuate nucleus energy homeostasis circuitry. That leptin increases kisspeptin gene expression Hill et al., 2008) further supports the view that kisspeptin neurons may play a modulatory role in energy homeostasis. This perspective becomes even more interesting with our data showing that GnIH (and NPY) exerts a direct inhibitory action on POMC cells and blocks kisspeptin excitation. Inhibition of an anorexigenic neuron such as the POMC cell would be predicted to enhance food intake, consistent with the orexigenic actions of GnIH (Tachibana et al., 2005 (Tachibana et al., , 2008 Johnson et al., 2007) . Thus, the converging points of evidence from our electrophysiological analyses of the responses of POMC and NPY cells to kisspeptin and GnIH are consistent with the view that GnIH may play its orexigenic role within established arcuate nucleus circuitry. Speculatively, kisspeptin may act to reverse the orexigenic actions of GnIH, and in the absence of GnIH, kisspeptin exerts no feeding phenotype, consistent with evidence showing kisspeptin alone evokes little feeding phenotype (Thompson et al., 2004; Castellano et al., 2005) .
Although a direct effect of kisspeptin and GnIH on GnRH cells would be stronger, we cannot rule out the possibility of indirect modulation of reproduction through the POMC and NPY neurons. GnRH neurons receive an innervation from both POMC and NPY neurons (Leranth et al., 1988; Chen et al., 1989; Tsuruo et al., 1990; Rondini et al., 2004; Ward et al., 2009 ). POMC-derived peptides and their receptors can enhance the activity of GnRH neurons (Watanobe et al., 1999; Matsuyama et al., 2005) . Recent evidence supports the view that the arcuate nucleus may play a key role in luteinizing hormone and GnRH pulse generation (Ohkura et al., 2009) . Importantly, kisspeptin actions in the arcuate nucleus are essential to this pulse generation (Li et al., 2009 ). Activation of central melanocortin receptors stimulates GnRH pulse generator activity (Matsuyama et al., 2005) and gonadotropin secretion in humans (Reid et al., 1981) and rats (Watanobe et al., 1999) . Thus, in addition to direct excitation on GnRH neurons, kisspeptin may regulate GnRH neuronal activity by exciting POMC neurons of the arcuate nucleus. NPY also participates in the control of GnRH/luteinizing hormone secretion in rats (Kalra et al., 1995) . NPY neurons contact GnRH neurons (Li et al., 1999) and provide an inhibitory tone to GnRH neurons (Xu et al., 2000) . NPY suppresses the neuronal activity of the GnRH pulse generator (Ichimaru et al., 2001) . Thus, the actions of kisspeptin on POMC and NPY cells we describe here may play a role in GnRH pulse generation, potentially related to energy state. An overview of the cellular interactions that we discuss is shown schematically in Figure 11 .
Recent studies suggest that the hypothalamic kisspeptin system may participate in transmitting metabolic information into brain regions controlling the reproductive axis (Tena-Sempere, 2006; Hill et al., 2008; Roa et al., 2008; Castellano et al., 2009) . Fasting reduces hypothalamic kisspeptin mRNA expression (Castellano et al., 2005; Luque et al., 2007; Brown et al., 2008) , which precedes the fasting-induced decline of GnRH. Hypothalamic kisspeptin mRNA levels decrease in diabetic rats, concomitant with reduced gonadotropin secretion, and kisspeptin treatment rescues reproductive function . The kisspeptin innervation and modulation of POMC and NPY neurons may serve to link the reproductive axis with metabolic state. NPY neurons are active in conditions of negative energy balance. Increased NPY release may then stimulate feeding while inhibiting release of GnRH and pituitary-gonadal axis activity. ␣-MSH, released from POMC neurons, is considered an anorexigenic peptide, which can increase energy expenditure and inhibit feeding via MC3/4 receptors (Brown et al., 1998; Cowley et al., 1999) . POMC mRNA is reduced by fasting (Bergendahl et al., 1992) . Since ␣-MSH activates the GnRH system, during conditions of low energy, the decreased POMC activity may also contribute to the suppression of GnRH release. POMC neurons send axon collaterals to the median eminence (Acuna-Goycolea and van den Pol, 2009), allowing kisspeptin to potentially modulate the release of POMC-related peptides and thereby modulate pituitary secretions, possibly including luteinizing hormone.
In summary, our data suggest that, similar to their opposing effects on GnRH neurons, kisspeptin excites and GnIH inhibits and blocks the kisspeptin-mediated excitation of POMC neurons, with functional ramifications for both energy homeostasis and reproduction potential.
